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We study transitions between Υ states with the emission of charged pions using 604.6 fb−1
of data collected with the Belle detector at the KEKB asymmetric-energy e+e− collider. The
measured product branching fraction is B(Υ(4S) → Υ(1S)pi+pi−) × B(Υ(1S) → µ+µ−) =
(2.11 ± 0.30(stat.)± 0.14(sys.)) × 10−6 and the partial decay width is Γ(Υ(4S) → Υ(1S)pi+pi−) =
(1.75 ± 0.25(stat.) ± 0.24(sys.)) keV.
PACS numbers: 13.25.Gv, 14.60.Ef, 14.40.Aq
The bottomonium state Υ(4S) has a mass above the
threshold for BB pair production and decays mainly into
B-meson pairs (B(Υ(4S)→ BB) > 96% [1]). Recently,
the decay modes Υ(4S) → Υ(mS)pipi with m = 1, 2
as well as Υ(4S) → ηΥ(1S) [2] have been also ob-
served. These decays as well as the anomalously large
width of the Υ(5S) → Υ(mS)pipi (m = 1, 2, 3) tran-
sitions discovered by Belle [3] give additional informa-
tion about various QCD models that are used to de-
scribe hadronic transitions of heavy quarkonia [4]. Pre-
liminary evidence for the decay Υ(4S) → Υ(1S)pi+pi−
was presented by the Belle Collaboration in Ref. [5].
The BABAR Collaboration reported measurements of
the Υ(4S) transition to the Υ(1S) or Υ(2S) with the
emission of a pi+pi− pair [2, 6]. The first Belle mea-
surements of Υ(4S) → Υ(1S)pi+pi− were published in
Ref. [7]. The product branching fraction B(Υ(4S) →
Υ(1S)pi+pi−) × B(Υ(1S)→ µ+µ−) from Belle differs by
2.4 standard deviations from the correponding value from
BABAR [2]. In this paper we present a new study of the
decay mode Υ(4S) → Υ(1S)pi+pi− from the Belle ex-
periment using a larger data sample and relaxed signal
selection criteria.
We use 604.6 fb−1 of data collected on the Υ(4S)
resonance with the Belle detector [8] at the KEKB
asymmetric-energy e+e− collider [9]. We study Υ(4S)→
Υ(1S)pi+pi− decays with a subsequent Υ(1S) → µ+µ−
transition. Charged particles are reconstructed and iden-
tified in the Belle detector, which consists of a silicon
vertex detector (SVD), central drift chamber (CDC),
aerogel threshold Cherenkov counters (ACC), time-of-
flight (TOF) scintillation counters, an electromagnetic
calorimeter (ECL), and a KL-muon detector (KLM).
Charged tracks must originate from within a region
of radius 1 cm and axial length ±5 cm centered in the
e+e− interaction point and not be associated with a well-
reconstructed K0S meson, Λ baryon, or converted pho-
ton; each charged track should have a momentum trans-
verse to the beam axis (pT ) of greater than 0.1 GeV/c.
Charged particles are assigned a likelihood Li [10] (i =
µ, pi, K) based on the matching of hits in the KLM to
the track extrapolated from the CDC, and identified as
muons if the likelihood ratio Pµ = Lµ/(Lµ + Lpi + LK)
exceeds 0.8, corresponding to a muon detection effi-
ciency of approximately 91.5% over the polar angle range
20◦ ≤ θ ≤ 155◦ and the momentum range 0.7GeV/c ≤
p ≤ 3.0GeV/c in the laboratory frame. Electron iden-
tification uses a similar likelihood ratio Pe [11] based on
CDC, ACC, and ECL information. Charged particles
that are not identified as muons and have a likelihood
ratio Pe < 0.1 are treated as pions. Calorimeter clus-
ters not associated with reconstructed charged tracks and
with energies greater than 50 MeV are classified as pho-
ton candidates.
Candidates for Υ(4S) → Υ(1S)pi+pi− decays with
the subsequent leptonic decay Υ(1S) → µ+µ− are se-
lected from the standard hadronic-event sample for the
first 492 fb−1 data set (sample I), while an additional τ -
enriched sample is also used for the remaining 113 fb−1
data set (sample II). The relevant selection criteria for
the standard hadronic-event sample are the following:
three or more charged tracks; a visible energy Evis of
at least 0.2
√
s, where
√
s is the center-of-mass (c.m.) en-
ergy; a calorimeter energy deposit in the range 0.1 ≤
Esum/
√
s ≤ 0.8; and a maximum of 0.5√s for the mag-
nitude of Pz, the sum of the z components of the mo-
menta of each charged track and neutral cluster, where
the z axis is defined to be the direction opposite to the
3positron beam. The variables Evis, Esum, and Pz are
evaluated in the c.m. system.
Unfortunately, the hadronic event sample criterion
Esum/
√
s ≥ 0.1 rejects a considerable fraction of our
signal events. However, some of these lost events are re-
covered in the τ -enriched sample because it has a loose
constraint on the Esum variable (Esum ≤ 10GeV). Only
the newest τ -enriched data are used because the ear-
lier subset included a requirement on the sum of the
magnitudes of the charged track momenta in the c.m.
frame (below 10GeV/c) that rejected most of our signal.
Other selection criteria for the τ -enriched sample, while
not critical for this study, are enumerated below. The
number of charged tracks in an event should be greater
than one and less than nine with zero net charge. The
maximum pT among the tracks is required to be greater
than 0.5 GeV/c. Beam-related background is rejected
by requiring that the position of the reconstructed event
vertex be less than 1 cm from the interaction point (IP)
in the transverse direction and less than 3 cm from the IP
along the beam direction. To suppress background from
Bhabha and µ+µ− events, the maximum opening angle
between charge tracks is required to be less than 175◦ in
the CM frame.
To select Υ(4S) → Υ(1S)pi+pi− decays, an event is
required to contain exactly four charged tracks with
a µ+µ− pair having an invariant mass Mµµ above
9.0GeV/c2 and a pi+pi− pair whose opening angle θpipi
in the laboratory frame satisfies cos θpipi < 0.95. The lat-
ter criterion suppresses the radiative return process [12]
e+e− → Υ(1S)γ as well as e+e− → µ+µ−γ wherein the
photon converts to an e+e− pair that is misidentified as
a pion pair. Poorly reconstructed events are discarded
by requiring a visible energy in the laboratory frame of
10.5GeV < Elabvis < 12.5GeV.
To identify parent resonances that decay into the
Υ(1S) pi+pi− final state, the distribution of Mµµ vs.
the mass difference ∆M = Mµµpipi − Mµµ is examined
(see Fig. 1) for the selected data sample. The cluster
of events in the parallelogram centered at (∆M,Mµµ)
= (1.12, 9.46) GeV/c2 is from the transition Υ(4S) →
Υ(1S)pi+pi−. The other clusters are due to the decays
Υ(2S)→ Υ(1S)pi+pi− and Υ(3S)→ Υ(1S)pi+pi−, where
the Υ(2S) and Υ(3S) are produced predominantly by
radiative return i.e. e+e− → Υ(mS)γ.
The rightmost cluster in Fig. 1 contains events from
the process Υ(4S) → Υ(1S)pi+pi−. The dominant back-
ground processes, e+e− → µ+µ−γ (γ → e+e−), e+e− →
µ+µ−µ+µ−, and e+e− → µ+µ−pi+pi−, accumulate at
the kinematic boundary indicated by the diagonal line in
Fig. 1. To capture the Υ(4S) → Υ(1S)pi+pi− signal as
well as estimate this background more reliably, we fit the
distribution of ∆M for events within the parallelogram of
Fig. 1, whose boundaries correspond to |Mµµpipi −
√
s| <
60MeV/c2 and 950MeV/c2 < ∆M < 1380MeV/c2. The
fit, shown in Fig. 2, includes a Gaussian for the signal
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FIG. 1: The Mµµ vs. ∆M distribution for the candidate
events. The ±60-MeV high horizontal shaded band is cen-
tered on the nominal Υ(1S) mass. The clusters on the
lower left correspond to Υ(2S)→ Υ(1S)pi+pi− and Υ(3S)→
Υ(1S)pi+pi− transitions. The diagonal line indicates the kine-
matic boundary Mµµpipi =
√
s. The parallelogram straddling
this line defines the fitting region for Υ(4S) → Υ(1S)pi+pi−
candidates.
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FIG. 2: The fit to the ∆M distribution for events within
the parallelogram of Fig. 1 using a Gaussian for the signal
and a second-order polynomial for the background (dotted
line). The solid curve shows the sum of the Gaussian and the
polynomial function.
and a quadratic function for the background. The fitted
Gaussian is centered at (1118.7 ± 1.2)MeV/c2, which is
in good agreement with the nominal mΥ(4S) − mΥ(1S)
mass difference, and has a width of (8.1 ± 1.0)MeV/c2,
which is consistent with the detector’s estimated ∆M res-
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FIG. 3: Background-subtracted and efficiency-corrected dis-
tribution of pi+pi− invariant mass (Mpipi) for events within the
signal subregion of the parallelogram in Fig. 1. The solid
curve shows the Mpipi distribution predicted by the models of
Ref. [14].
olution. The signal yield in the interval 1105MeV/c2 <
∆M < 1135MeV/c2, determined as the difference of the
number of events and the fitted background in this inter-
val, is Nev = 113.7 ± 16.3, with a statistical significance
of 11.2 σ, corresponding to −2ln(L0/Lmax) = 135.0 with
three fit parameters (mass, width, and yield). Here, L0
and Lmax are the likelihood values returned by the fit
with the signal yield fixed at zero and its best fit value,
respectively.
Additional information can be obtained from the
study of the pi+pi− system. Background-subtracted and
efficiency-corrected distribution of pi+pi− invariant mass
(Mpipi) is shown in Fig. 3 for events within the sig-
nal subregion (1105MeV/c2 < ∆M < 1135MeV/c2)
of the parallelogram in Fig. 1. (The background is
estimated from the sideband subregion 950MeV/c2 <
∆M < 1075MeV/c2 and 1175MeV/c2 < ∆M <
1350MeV/c2). The EvtGen event generator [13] with
a matrix element that accounts for particle spins [14], is
used to produce Υ(4S) → Υ(1S)pi+pi− → µ+µ−pi+pi−
events that are then passed through the detector simula-
tion [15] and reconstruction programs.
The Mpipi distribution in Fig. 3 can be described using
the shape predicted by the models of Ref. [14], in which
suppression of small pi+pi− invariant masses follows from
partial conservation of axial current. The goodness of fit,
for 10 degrees of freedom (NDF), is χ2/NDF = 0.35.
The branching fraction for the Υ(4S) → Υ(1S)pi+pi−
decay is determined from B(Υ(4S) → Υ(1S)pi+pi−) =
Nev/(NΥ(4S) · ε · B(Υ(1S) → µ+µ−)), where Nev is the
extracted signal yield, NΥ(4S) is the estimated number
TABLE I: Total number of Υ(4S) (NΥ(4S)), signal yield (Nev),
reconstruction efficiency (ε), and branching fraction (B) for
the Υ(4S)→ Υ(1S)pi+pi− decay.
Data sample NΥ(4S), 10
6 Nev ε, % B, 10−4
I 534.6±7.0 52.2±10.7 4.5 0.86±0.18
II 122.1±1.4 61.3±12.1 25.1 0.84±0.17
of Υ(4S) events produced, ε is the signal detection effi-
ciency (calculated separately for samples I and II), and
B(Υ(1S) → µ+µ−) = (2.48 ± 0.05)% is the PDG-
tabulated branching fraction for the daughter decay. The
efficiencies are calculated from Monte Carlo simulations.
For the hadronic-event simulation in sample I, we apply
a correction to Esum/
√
s, one of the variables used to se-
lect hadronic events, so that this distribution agrees with
that of the data. This correction is also applied to sam-
ple II, where it changes the efficiency by a few per cent.
The results are given in Table I.
The systematic error in the reconstruction efficiency
due to the last correction is 8% for sample I and es-
sentially zero for sample II. The systematic uncertainty
in the reconstruction efficiency due to lack of knowl-
edge of the Υ(4S) → Υ(1S)pi+pi− → µ+µ−pi+pi− de-
cay matrix element is estimated by comparing the pa-
rameterization of the Mpipi distribution in the models
of Ref. [14] and in a phase space model. We estimate
this systematic uncertainty as half of the variation in
the efficiency, and it is equal to 2.0%(3.1%); here and
below, the first(second) value gives the systematic un-
certainty for sample I (sample II). The signal yield is ex-
tracted by an unbinned extended maximum likelihood fit
to the ∆M distribution for events in the parallelogram
(Fig.1) using a Gaussian for the signal and a second-
order polynomial for the background. The signal yield in
the signal interval 1105MeV/c2 < ∆M < 1135MeV/c2
is determined as the difference of the number of events
and the fitted background in this interval. The signal
yield from the fitted Gaussian area has a larger statis-
tical error. The systematic uncertainties from the dis-
crepancies between these two evaluations of the signal
yield are 2.2% and 1.2% for samples I and II, respec-
tively. Other systematic uncertainties come from the
choice of the fit range (0.3%, 2.5%), the choice of the sig-
nal range (2%, 0.6%), the choice of the signal box width
(2.4%, 1.9%), the change of the order of the polynomial
function from two to one (0.5%, 1.2%), the tracking effi-
ciency (4%, 4%), the muon identification efficiency (1.1%,
1.1%), the pion identification efficiency (0.2%, 0.2%),
the statistical uncertainty in the efficiency(1.0%, 0.6%),
the uncertainty in the Υ(1S) → µ+µ− decay branching
fraction (2.0%, 2.0%), and the total number of Υ(4S)
events (1.3%, 1.1%). The total systematic uncertainty
for each data sample is obtained by adding these contri-
5butions in quadrature; the results are 10.3% and 6.6%
for samples I and II, respectively. The systematic un-
certainties from the tracking efficiency, Υ(4S) counting,
B(Υ(1S)→ µ+µ−), and muon and pion identification ef-
ficiencies are treated as fully correlated systematic errors
for samples I and II. Other uncertainties are treated as
uncorrelated errors. First the weighted average of the
uncorrelated uncertainties 〈σuncorsys 〉 is evaluated. The to-
tal systematic uncertainty is obtained by adding 〈σuncorsys 〉
and remaining correlated uncertainties in quadrature.
The measured weighted product branching fraction is
B(Υ(4S)→ Υ(1S)pi+pi−)× B(Υ(1S)→ µ+µ−)
= (2.11± 0.30(stat.)± 0.14(sys.))× 10−6.
The branching fraction is
B(Υ(4S)→ Υ(1S)pi+pi−)
= (0.85± 0.12(stat.)±0.06(sys.)) ×10−4.
We also extract the partial decay width for the
Υ(4S)→ Υ(1S)pi+pi− transition using the world-average
value of the total width [1], and obtain
Γ(Υ(4S)→ Υ(1S)pi+pi−)
= (1.75± 0.25(stat.)± 0.24(sys.)) keV.
The measured values of B(Υ(4S) → Υ(1S)pi+pi−) and
Γ(Υ(4S) → Υ(1S)pi+pi−) supersede our previous re-
sults [7] with improved accuracy. The new Belle results
are compatible with those of BABAR [2].
To summarize, a study of transitions between Υ states
with the emission of charged pions has been performed at
Belle. The peak at ∆M = (1118.7 ± 1.2)MeV/c2 is in-
terpreted as a signal for the decay Υ(4S)→ Υ(1S)pi+pi−
with a subsequent Υ(1S) → µ+µ− transition. The
branching fraction B(Υ(4S)→ Υ(1S)pi+pi−) and the par-
tial decay width Γ(Υ(4S)→ Υ(1S)pi+pi−) are measured.
We have not studied the Υ(4S)→ Υ(2S)pi+pi− decay be-
cause criteria applied to the raw experimental data make
our sensitivity to this decay limited.
We thank the KEKB group for the excellent opera-
tion of the accelerator, the KEK cryogenics group for the
efficient operation of the solenoid, and the KEK com-
puter group and the National Institute of Informatics
for valuable computing and SINET3 network support.
We acknowledge support from the Ministry of Educa-
tion, Culture, Sports, Science, and Technology (MEXT)
of Japan, the Japan Society for the Promotion of Science
(JSPS), and the Tau-Lepton Physics Research Center of
Nagoya University; the Australian Research Council and
the Australian Department of Industry, Innovation, Sci-
ence and Research; the National Natural Science Foun-
dation of China under contract No. 10575109, 10775142,
10875115, and 10825524; the Department of Science and
Technology of India; the BK21 program of the Ministry
of Education of Korea, the CHEP SRC program and Ba-
sic Research program (grant No. R01-2008-000-10477-0)
of the Korea Science and Engineering Foundation; the
Polish Ministry of Science and Higher Education; the
Ministry of Education and Science of the Russian Feder-
ation and the Russian Federal Agency for Atomic Energy;
the Slovenian Research Agency; the Swiss National Sci-
ence Foundation; the National Science Council and the
Ministry of Education of Taiwan; and the U.S. Depart-
ment of Energy. This work is supported by a Grant-
in-Aid from MEXT for Science Research in a Priority
Area (“New Development of Flavor Physics”), and from
JSPS for Creative Scientific Research (“Evolution of Tau-
lepton Physics”).
∗ now at Okayama University, Okayama
[1] C. Amsler et al. (Particle Data Group), Phys. Lett. B
667, 1 (2008).
[2] B. Aubert et al. (BABAR Collaboration), Phys. Rev. D
78, 112002 (2008).
[3] K.-F. Chen et al. (Belle Collaboration), Phys. Rev. Lett.
100, 112001 (2008).
[4] E. Eichten et al., Rev. Mod. Phys. 80, 1161 (2008);
Y.P. Kuang, Front. Phys. China 1, 19 (2006);
Yu.A. Simonov, JETP Lett. 87, 147 (2008);
C. Meng and K.T. Chao, Phys. Rev. D 77, 074003 (2008).
[5] K. Abe et al. (Belle Collaboration),
arXiv:hep-ex/0512034.
[6] B. Aubert et al. (BABAR Collaboration), Phys. Rev.
Lett. 96, 232001 (2006).
[7] A. Sokolov et al. (Belle Collaboration), Phys. Rev. D 75,
071103 (2007).
[8] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 479, 117 (2002).
[9] S. Kurokawa and E. Kikutani, Nucl. Instrum. Methods
Phys. Res., Sect. A 499, 1 (2003), and other papers in-
cluded in this volume.
[10] A. Abashian et al. (Belle Collaboration), Nucl. Instrum.
Methods Phys. Res., Sect. A 491, 69 (2002).
[11] K. Hanagaki et al., Nucl. Instrum. Methods Phys. Res.,
Sect. A 485, 490 (2002).
[12] M. Benayoun et al., Mod. Phys. Lett. A 14, 2605 (1999).
[13] D.J. Lange, Nucl. Instrum. Methods Phys. Res., Sect. A
462, 152 (2001).
[14] L.S. Brown and R.N. Cahn, Phys. Rev. Lett. 35, 1
(1975); M.B. Voloshin, JETP Lett. 21, 347 (1975);
T.-M. Yan, Phys. Rev. D 22, 1652 (1980).
[15] R. Brun, R. Hagelberg, M. Hansroul, and J. C. Lassalle,
Report No. CERN-DD-78-2-REV 1, 1978.
